Abstract. The creep damage is discussed within Rice thermodynamic theory with internal state variable (ISV). A viscoelastic-viscoplastic model with damage is derived by giving the complementary energy density function and kinetic equations of ISVs. The viscoelastic equation covers classical component model, and three creep phases with hardening and damage effect can be described by this model. The model parameter cabibration is conducted through uniaxial creep test of analogue material by loading and unloading method. Then intrinsic thermodynamic properties in three creep stages are indicated. The thermodynamic state of material system tends to equilibrate without damage and depart from equilibrate with damage.
Introduction
The time-dependent redistribution of stress and deformation occur when a pre-existing equilibrium of rock mass is disturbed by excavation, dam construction or impounding etc. [1] , and directly affect normal operation and long term stability of geotechnical engineering [2, 3] . Those mechanical behaviors can be described by the creep model which is the key for stability analysis and safety evaluation.
The conventional creep models are generally based on rheology [4, 6] and the damage variable is introduced to characterise the degradation effect of material parameters in creep processes [7, 9] . Although the conventional models can describe the time-dependent behavior, they can hardly characterize the intrinsic energy change of material system in time-dependent mechanical processes, and the strict stability analytical method of structure cannot be established further.
It is known that thermodynamics with internal state variable (ISV) is a powerful method to construct the appealing constitutive equations [10] . The models based on thermodynamics with ISV are thermodynamically consistent and could characterize the intrinsic energy dissipation process and physical changes of microstructure of material [11, 13] . Thus, more and more researchers develop creep constitutive equation [14, 16] based on thermodynamics with ISV. Within this theory, damage variables are regarded as ISVs, and their evolution laws could be derived through potential functions or dissipation functions like other ISVs. In this case, multi-potential functions are needed [14, 16] . The viscoplastic strain is regarded as an ISV in most creep models with ISV at present and its evolution law also could be determined directly by the dissipation function and its orthogonality condition. However, within the thermodynamics with ISV worked by Rice, viscoplastic strain is regarded as inelastic strain result from the inner structural change of material [17] .
In this paper, the creep damage model is developed within Rice's thermodynamic theory. Three sets of macroscale ISVs are introduced to describe the rearrangement of internal structural within material system in the time-dependent mechanical process. The creep constitutive equation and stress relaxation constitutive equation are derived by giving the specific complementary energy and evolution of internal variables. Then, the intrinsic thermodynamic properties in three creep stages are indicated by analyzing intrinsic energy dissipation rate of material. The thermodynamic state tends to equilibrate without damage and depart from equilibrate with damage.
Creep model with Damage
Fundamental thermodynamic formulation. Rice [17] proposed that the state of solid material can be described fully by the stress σ or strain ε, the temperature θ, and a set of local scalar internal state variables ξ(ξ 1 , ξ 2 ,…,ξ n ) that present the physical changes of microstructures within the material. The specific complementary energy ψ is a main thermodynamic potential functions and can be written as 
where η is the total specific entropy; V is material volume; f (f 1 , f 2 ,…,f n ) denotes the thermodynamic forces that are conjugated to the local ISVs ξ. Einstein's summation convention is adopted.
The time derivative of Eq. 2 can be obtained
Considering Eq. 2 -Eq. 4, Eq. 5 can be simplified as
Eq. 5 is the strain rate formulation, which depend on current state variables and their kinetic states.
Haslach [18] indicated that the creep and stress relaxation correspond to thermodynamic processes in which the control variables are fixed, and Yang et al. [19] proposed the similar point view. Fixed stress and temperature, the creep processes of material depend only on evolution of ISVs, so
where is rate of creep strain. In creep process, the Second Law of Thermodynamics must be satisfied [20] .
where Φ is the energy dissipation rate, and is the entropy production rate, which is a part of the rate of total entropy [21] . Creep damage model. In this work, three sets of dimensionless macroscopic internal variables, γ, λ (λ 1 , λ 2 ) and χ, are introduced. Variable γ and λ are used for describing intrinsic structural rearrangement in viscoelastic and viscoplastic processes, respectively, and χ is used to account for the damage effect and other high-energy structural changes. In Rice's ISV thermodynamic theory, the reduced average internal variables ζ(ζ 1 , ζ 2 ,…, ζ m ) can be introduced as the average measurements of ξ, and thermodynamic formulations for ξ are available for those macroscopic internal variables if the assumption of energy and dissipation equivalence holds [22] . The initial state of material is defined as the equilibrium reference state. The specific complementary energy can be written as following by Schapery's paper [15] . where ψ e , A, B and P(P 1 , P 2 ) could be the state functions of σ, θ and χ. Considering Eq. 2 and Eq. 9 and assuming that B is a positive independent constant material parameter, the strain of the material can be obtained.
The first term of Eq. 10 is elastic strain c, which does not change under fixed stress and temperature. The second term is viscoelastic strain ε ve . If the elastic strain c is viewed as initial value of viscoelasticy, the ε ce , including c and ε ve , can be defined. The viscoplastic strain ε vp is expressed as the third term.
It is clear from Eq. 10 that the strain is determined through the evolutions of ISVs. The evolutions of ISVs are drove by thermodynamic forces conjugated to ISVs. The thermodynamic forces can be derived from Eq. 4 and Eq. 9.
If the elastic-damage and viscoelastic-damage are neglected, namely ψ e and A are independent of χ , and the damage only happen in a viscoplastic process, Eq. 11c can be simplified as
The kinetic laws of ISVs here, γ, λ (λ 1 , λ 2 ) and χ, are fully determined by their conjugated thermodynamic forces as proposed by Rice [17] . Elastic-viscoelastic constitutive equation. As mentioned above, assume that 
where C is forth-order compliance tensor.The elastic constitutive equation can be written as 
The thermodynamic flux is assumed to be linear with thermodynamic force f e [15] . That is,
where η e is the parameter of equation. Considering the initial elastic strain, the time derivative of the viscoelastic strain can be written as following where , a is parameter and s ij is deviatoric stress tensor. The Eq. 17 can be recast to e is deviatoric viscoelastic strain. Viscoplastic constitutive equation. Generally, the viscoplastic deformation occurs when the stress level exceeds a certain threshold value. In this paper, the threshold value of thermodynamic force R is adopted. Assume variables λ 2 and χ are coupled each other, the evolution equations of λ are as follows
where, κ 1 , κ 2 and p are all parameters of equations; and the symbol < > is Macauley's bracket. Suppose 
where κ 3 is a parameter of the equation; e is the natural exponential; The viscoplastic constitutive model can be obtained through Eq. 10 and Eq. 22. Eq. 26 will be reduced to Eq. 18 if viscoplasticity neglected. The constitutive equation above mentioned are in the form of rate and can be recast to be one in the form of central-difference, through which the increment of stress can be improved by increment of strain in numerical computing. Because the increment of viscopalstic strain should be expressed as function of new stress and old stress over a timestep Δt, the iterative approach can be adopt.
Model parameter calibration.
Consider only one dimensional compression condition and regulate that compression stress is negative. Neglect initial elastic strain, and assume 
where, w is the parameter of the equation, and σ y can be regarded as the mean internal stress [24] . The constitutive Eq. 29 is a system of differential equations with much more parameters. The model parameter cabibration is made through uniaxial creep test of analogue material [25] , and the results are presented in Table 1 . Table 1 The basic parameters of equations The parameter identification procedures are as following. The viscoelastic and viscoplastic deformation in the creep process are separated by the creep test with the loading and unloading method [26] , and parameters in viscoelastic constitutive equation can be identified through viscoelastic deformation data and nonlinear fitting. In transient and steady creep stages, the damage effect is neglected, then χ = 0, χ = 0. Viscoplastic strain rates of the linear segment is used to identify 
Thermodynamic state in creep process
The rate of energy dissipation Φ is a state function of ISVs in a constrained configuration space, and can be view as Lyapunov function to state thermodynamic stability of material system [30] . It is obvious that Φ equals to zero implies the thermodynamic state is equilibrium. So the value of Φ can be view as the distance between current non-equilibrium state and equilibrium. The time derivative of the energy dissipation rate is
As the thermodynamic forces and fluxes are all nonnegative, M αβ and N αβ control the evolution trend of Ф. The rate of energy dissipation and its time derivative can be calculated through Eqs.8 and 30 respectively. Under various uniaxial compression stresses, Ф and its time derivative in creep process can be calculated based on constitutive equation of Eq. 29 and parameters in Table 1 . Fig. 2 shows curves in viscoelastic process only under 100kPa, and The creep model without damage could only describe transient and steady creep stages, and Φ and its time derivative gradually decrease with time, implying that the material system close to equilibrium after loading. At last, Φ tends to zero or a certain positive value and the material system remains at equilibrium or steady state. When damage is considered, the accelerative state of creep can be presented further. The damage effect is tiny in transient and steady creep stages, and the material system tends toward equilibrium. However, as evolutions of ISVs go on, the damage will change the developmental tendency of the material system, Φ and its change rate increases quickly with time, and the material system develops by departing from the equilibrium state, as shown in Fig. 5 .
Summary
The creep damage model proposed can preferably describe creep laws. The viscoelastic equation covers classical component model and three creep phases with damage effect can be described by this model. Moreover the intrinsic dissipation energy can also be detected through the developed model and the thermodynamic state of material system can be indicated. The material system without damage tends to thermodynamic equilibrium or steady state after loading, and the rate of the energy dissipation function is monotonically decreasing. In the creep damage process, the thermodynamic state of material system tends to depart from the steady or equilibrium state. 
